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Silver nanoparticles (AgNPs) are currently widely-used in consumer products, 
therapeutics, biomedical devices, and electronics. Yet, one application for which AgNPs 
have been used extensively is surface-enhanced Raman spectroscopy (SERS)-based 
sensing. However, AgNP size and aggregation state are known to greatly influence these 
applications. This works aimed 1) to synthesize a large volume of unfunctionalized, 
Creighton AgNPs, to characterize their chemical and physical properties, 2) then to size-
select AgNPs of 1-50 nm and 50-100 nm in diameter and to concentrate them using a 
three-step, “green” tangential flow ultrafiltration (TFU) process. 3) Finally, to determine 
and compare the SERS-based sensing capabilities of the Creighton AgNPs of various 
sizes (1-50 nm, 50-100 nm, and 1-100 nm). It was hypothesized that the concentrated 
colloidal AgNPs (1-50 nm and 50-100 nm) will lead to greater SERS enhancement 
factors compared to that of the original Creighton colloid due the presence of a 
significantly larger number of SERS “hot spots” within the focal volume. The three aims 
were successfully accomplished, and the proposed hypothesis was validated. AgNPs of 
50-100 nm in diameter were found to have the best SERS-based sensing capabilities in 
non-resonant conditions due to a greater abundance of optimally sized AgNPs. The 
surface enhancement factor of these AgNPs was 2.1 x 106 at 10-8 M of rhodamine 6G, 
which facilitated the detection of ~11 molecules within the focal volume.   
 iv 
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 Silver nanoparticles (AgNPs) are currently being studied extensively in industrial 
and academic settings owing to their unique chemical, physical, and optical properties to 
that of bulk silver. AgNPs are defined as small metallic silver particles with at least one 
dimension between 1-100 nm.1 Their unique properties are generally attributed to their 
high surface area to volume ratio and small dimensions.1  
 Currently, over 200 consumer products contain AgNPs.1 Most of these products 
take advantage of the antimicrobial properties of AgNPs. Athletic and outdoor apparel 
companies have incorporated AgNPs into their clothing for this reason. ARC Outdoors 
Inc. is a performance apparel manufacturer that has recently introduced a nanotechnology 
brand, E47 (referring to silver as the 47th element on the periodic table). This brand 
incorporated AgNPs for odor elimination in underwear, stocking caps, and gloves.2 More 
notably, Samsung developed their SilverCare™ line of washing machines to released 
silver during its washing cycle in an effort to eliminate bacteria in clothing. These 
washing machines contained two 99.9% silver plates that underwent electrolysis to 
produce billions of Ag+ ions and were subsequently released into the machine. The silver 
ions would penetrate dirty clothing and eliminate bacteria without using hot water in 
effort to be more energy efficient.3  
  Advancements in AgNP synthesis methods have allowed for the controlled size, 
shape and surface properties, giving rise to a myriad of applications to be explored. 
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AgNPs may be used as catalysts4, in printed electronics5, and pharmaceuticals6 to 
mention a few. Yet, one of the most exciting applications of AgNPs arises from surface-
enhanced Raman spectroscopy (SERS). Since its discovery in 1974, SERS has generated 
great interest and has proven to be a powerful analytical tool owing to the molecular 
fingerprinting capabilities associated with Raman spectroscopy and the increased 
sensitivity.7,8 In SERS, a large increase in Raman signal is observed for Raman-active 
analytes that reside in the immediate proximity of noble metal nanostructures such as 
AgNPs. 
 Metal nanoparticles such as AgNPs have been used widely as SERS substrates 
owing to their unique optical properties.  AgNPs have surface plasmons that are resonant 
in the visible region of the electromagnetic spectrum and contribute to the overall 
enhancement in signal. The SERS enhancement may be ascribed as the product of two 
mechanisms: (1) electromagnetic field enhancement through the resonance of the surface 
plasmons of nanostructures (i.e., through the subsequent increases in the electric field, E) 
and (2) a charge-transfer enhancement through the chemisorption of an analyte on 
nanostructures (i.e., through subsequent change in polarizability, α). 
 Nie and Emory were able to show that extreme enhancements in Raman signal are 
possible using colloidal AgNPs. SERS experiments were performed for the detection of 
minimal concentrations of the fluorescent dye, rhodamine 6G (R6G). These 
enhancements were on the order of 1014 to 1015, which were much larger than the typical 
enhancements of 103 to 106. This dramatic enhancement is attributed to one or few R6G 
molecules residing in a SERS “hot spot”, i.e., the interstitial space between two 
aggregated AgNPs. This remarkable discovery has generated much excitement and 
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further research. 
 However, the size, shape, and aggregation state of these AgNPs have shown to 
greatly influence these applications. AgNPs of limited polydispersity have shown 
improved optical/electronic properties,8,9,10 SERS enhancement factors,8,9 and anti-
microbial properties.11,12 Decreasing AgNP toxicity by reducing or eliminating aggressive 
reagents or organic solvents10,13 is also advantageous as it lowers the biological 
impact.13,14,15 Various approaches have been reported for either the size-selection or 
concentration of nanoparticles, which include centrifugation,16,17 size exclusion 
chromatography,17,18 diafiltration,19 fractional crystallization,20 size dependent solubility21 
and gel electrophoresis.22 However, chemically aggressive capping or functionalizing 
agents have been used most extensively to control the size, shape, and aggregation state 
of nanoparticles.23, 24 Yet, these methods have shortcomings in that they may lead to 
aggregation,17 instability17 and increased cost.18,21  
 Tangential flow ultrafiltration (TFU) was recently shown as a possible solution to 
these limitations.16 TFU is commonly used for the weight-based isolation of cells, 
proteins, and viruses. TFU is a recirculation method using filter modules with membrane 
pores sizes ranging from 3 kD to 100 µm. A two-step TFU process (50 nm and 100 k ~10 
nm, hydrophobic filters) was employed to successfully size-select, concentrate, and 
increase the SERS-based sensing capabilities of a small volume of polydisperse 
Creighton AgNPs (300 mL).16 This work improves upon the previously described TFU 
method by adding a third filtration step to scale up the process by using two new 
hydrophilic membrane filters of comparable pore size. This three-step TFU process 
utilized a 50 nm (460 cm2) and two 30 kD filters (~7 nm, 790 cm2 and 20 cm2) to size-
 4 
select and concentrate AgNPs of 1-50 nm and 50-100 nm in diameter. The ultrafiltered 
concentrates were used as SERS substrates in an effort to enhance the sensing capabilities 
of the original Creighton colloid. A recent study by Stamplecoskie et. al. demonstrated 
that in non-resonant conditions (785 nm excitation line), AgNPs of 50-60 nm in diameter 
are optimal for maximizing SERS intensity. This was attributed to a smaller surface area 
and larger scattering contributions with the increase in AgNP size from 20-70 nm in 
diameter. Bigger AgNPs are expected to exhibit greater plasmon excitations and 
subsequent larger electromagnetic enhancement than smaller AgNPs. The cut-off was 
found to be ~ 60 nm, for which a decrease in intensity was observed as a result of the 
significant scattering effects.23 
 
1.1. HYPOTHESIS 
 Concentrated colloidal AgNPs (1-50 nm and 50-100 nm) will lead to greater SERS 
enhancement factors compared to that of the original Creighton colloid due the presence 
of a significantly larger number of SERS “hot spots” within the focal volume. More 
specifically, AgNPs of 50-100 nm in diameter will have better SERS-based sensing 
capabilities in non-resonant conditions due to a greater abundance of optimally sized 
AgNPs. 
 
1.2. SPECIFIC AIMS 
1. To synthesize a large volume (4 L) of unfunctionalized, Creighton AgNPs (1-100 
nm diameter) and to characterize the chemical and physical properties of these 
AgNPs using ultraviolet-visible (UV-Vis) absorption spectrophotometry, Raman 
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spectroscopy, inductively coupled plasma optical emission spectrometry (ICP-
OES) and transmission electron microscopy (TEM). 
2. To size-select AgNPs of 1-50 nm and 50-100 nm in diameter, to characterize and 
to concentrate them using a three-step TFU process.  
3.  To determine and compare the SERS-based sensing capabilities of the original 
Creighton AgNPs and the highly concentrated colloidal AgNPs of 1-50 nm and 50-
100 nm in diameter.  
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2. TECHNICAL APPROACH 
SPECIFIC AIM 1 
2.1. COLLOIDAL AGNPS SYNTHESIS 
2.1.1. NANOPARTICLE SYNTHESIS BACKGROUND 
 There are many different synthesis methods available today for AgNP fabrication. 
These methods may be categorized as either top-down or bottom-up. Top-down 
techniques use the bulk material to produce NPs by physical methods such as milling, 
laser ablation, or lithography. Bottom-up techniques rely upon chemical methods, usually 
with a silver salt being reduced to form NPs by nucleation.25  
 When considering AgNP synthesis methods, the control over the size, shape, and 
aggregation state of the AgNPs is critical. Top-down methods may produce NPs of 10 nm 
to 100 nm in diameter, but they likely contain defects in the surface structure.26 These 
defects in surface structure can severely affect their properties and thus, their application. 
Bottom-up methods are able to produce stable colloidal suspensions that are 
homogeneous. In general, the size, shape, and aggregation state of these colloidal AgNPs 
is controlled through the addition of capping or functionalization agents.1 
2.1.2. SYNTHESIS 
 A bottom-up approach was employed for the synthesis of AgNP colloids that were 
stable up to six months upon refrigeration. The AgNPs were unfunctionalized in an effort 
to eliminate chemically aggressive capping/stabilizing agents or organic solvents.4,24 A 
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modified Creighton method was utilized in which silver nitrate (AgNO3) is reduced by 
sodium borohydride (NaBH4) 27,28 using a NaBH4:AgNO3 molar ratio of 2:1. 
Consequently, solutions of 2.0 mM of NaBH4 and 1.0 mM of AgNO3 were prepared and 
used in the reduction reaction.  
 The reduction was carried out in a 500 mL Erlenmeyer flask that contained 300 
mL of the 2.0 mM NaBH4 solution. The flask was covered with aluminum foil, placed in 
an ice bath, and put on a stir plate. The NaBH4 solution was stirred at a rate of 325 rpm, 
while 50 mL of AgNO3 was added drop wise from a burette at approximately one drop 
per second. After the addition of 1.0 mM AgNO3, stirring was continued for another 45 to 
60 min in order to permit the entire reduction of Ag+. The resulting colloid was then 
refrigerated at 4° C. The synthesis setup may be seen in Figure 1. 
 
Figure 1. Creighton synthesis setup. 
 
2.2. UV-VIS ABSORPTION SPECTROPHOTOMETRY 
2.2.1. FUNDAMENTAL PRINCIPLE 
 The interaction of both ultraviolet (UV) and visible (Vis) radiation with a sample 
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may provide both qualitative and quantitative information. This information is acquired 
by observing the absorption of UV-Vis radiation by the sample as a function of 
wavelength. The resulting spectrum may be plotted as absorbance, transmittance, or 
molar absorptivity (ε) versus wavelength.29 
 When molecules in a sample are irradiated with UV-Vis radiation, the energy 
associated with the radiation may match an electronic transition within the molecule. If 
this is the case, an electron is promoted to a higher energy orbital by absorbing some of 
this energy. UV-Vis radiation possesses sufficient energy to excite molecules that are 
either π-electrons or non-bonding electrons (n-electrons) to higher energy π* and σ* anti-
bonding orbitals (Figure 2). This favors the electron transition from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).  
 
 
Figure 2. The relative energy levels of the π, π*, and nonbonding (n) orbitals. 
 
 Small metallic nanoparticles, such as AgNPs, exhibit unique optical properties 
when irradiated with electromagnetic radiation. The incident oscillating electric field 
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causes the valence electrons to oscillate collectively. When the electron cloud becomes 
displaced relative to the nuclei, Coulomb attraction forces between the electrons and 
nuclei arise as the restoring force. This results in the oscillation of the electron cloud 
relative to the nuclear framework.30 This is schematically represented in Figure 3. The 
collective oscillation of all electrons is referred to as the dipole surface plasmon 
resonance (SPR). The SPR of the AgNPs may be observed using UV-Vis absorption 
spectrophotometry at roughly 400 nm. 
 
Figure 3. Diagram illustrating the surface plasmon resonance of Creighton AgNPs 
during the interaction with an electromagnetic radiation.30 
 
2.2.2. SAMPLE PREPARATION & ANALYSIS 
 A small aliquot of the Creighton AgNP colloid was diluted with high quality 
water (≥ 17 MΩ) by a volume ratio of 1:10 before analysis. The UV-Vis absorption 
spectra of the AgNP colloid was measured at 1 nm intervals using a Varian Inc. Cary 50 
Bio UV-Visible Spectrophotometer (Figure 4). The spectrophotometer was set to 
absorbance mode with a Y minimum of -0.5 and a Y maximum of 1.0. The X scanning 
window was set to 200-800 nm and a fast scan rate of 4,800 nm min-1 was selected 
together with baseline correction.  
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Figure 4. Cary 50 Bio UV-Visible spectrophotometer (Varian Inc.) 
 
 
2.3. PURITY ANALYSIS OF COLLOIDAL AGNPS BY RAMAN SPECTROSCOPY 
2.3.1. FUNDAMENTAL PRINCIPLE 
 The fundamental principles of Raman spectroscopy are discussed in section 2.8.1. 
2.3.2. ACQUISITION PARAMETERS 
 A LabRAM HR800 (Horiba Jobin Yvon, Inc.) instrument coupled with a confocal 
optical microscope (Olympus) was used to acquire the Raman spectra of the Creighton 
colloid. A 2 mL aliquot of AgNP colloid was transferred into a 2 mL quartz cuvette and 
placed on the microscope stage. A 50x objective (Olympus) was used to focus the laser 
beam onto the sample. The acquisition parameters were set to the following: excitation 
source (632.8 nm He-Ne, power ~ 15 mW), confocal hole (300 µm), spectrometer (730 
cm-1), holographic grating (600 groves mm-1), exposure time (30 s), and accumulation 
cycles (5). The Raman spectra were collected using the LabSpec (v. 5) software. 
 
 11 
SPECIFIC AIM 2 
2.4. TANGENTIAL FLOW ULTRAFILTRATION (TFU) 
2.4.1. WORKING PRINCIPLE 
 Tangential flow ultrafiltration (TFU) is a recirculation method that has been 
commonly used for the isolation of cells, proteins, and viruses.31,32 A porous membrane 
module is utilized to separate materials in solution based on size or molecular weight. A 
liquid sample is circulated through a filter module by a peristaltic pump at a specified 
flow rate. The membrane subsequently separates the material much like that of a sieve. 
Smaller constituents pass through the barrier with the solvent (filtrate), while the larger 
solutes are retained (retentate). This process is schematically represented in Figure 5. 
 
 
Figure 5. (A) Depiction of the AgNP feed stream (yellow balls for larger AgNPs and 
blue balls for smaller AgNPs) being separated by the filter module into filtrate and 
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retentate. (B) Schematic of one of the membranes in the filter module driving the 
separation. 
 
2.4.2. THREE-STEP TFU PROCESS 
 A filtration apparatus was assembled using a Masterflex® L/S® drive (Model No. 
7528-10) equipped with an Easy-Load® II pump head and filter modules from 
SpectrumLabs® (Rancho Dominguez, CA). The tangential flow ultrafiltration (TFU) 
process comprised of three steps: (1) Size-selection of AgNPs from 1-50 nm and 50-100 
nm in diameter using a 50 nm MidiKros® polysulfone (PS) module (460 cm2), (2) 
concentration of AgNPs of 1-50 nm in diameter using a 30 kD MidiKros® TC modified 
polyehtersulfone (mPES) module (790 cm2), and (3) further volume reduction using a 30 
kD MicroKros® mPES module (20 cm2). The experimental three-step TFU setup is 
illustrated in Figure 6. 
 
Figure 6. TFU experimental setup using filter modules from Spectrumlabs® and a 
Masterflex® 7528-10 pump drive equipped with an EasyLoad II pump head for A) steps 1 
and 2: I) Flask containing Creighton colloidal AgNPs. II) Beaker for filtrate collection. 
III) Y-junction in tubing. IV) Peristaltic pump head. V) Either 50 nm or 30 kD 
MidiKros® or MidiKros® TC filter. B) step 3: I) Beaker containing second step 30 kD 






2.5. ICP-OES MEASUREMENTS OF AGNP COLLOIDS 
2.5.1. FUNDAMENTAL PRINCIPLES 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is a well-
established analytical technique that offers both qualitative and quantitative forms of 
elemental analysis.33 In ICP-OES, samples analyzed may be either in the solid or liquid 
phase. Discussion will be limited to liquid samples as solid sample require additional 
steps for sample introduction and the ICP-OES instrument used is restricted to liquid 
samples. From the instrument name, it can be inferred that plasma is used in this 
technique, which is an ionized gas at very high temperatures.34 A liquid sample is 
introduced to a nebulizer by means of a peristaltic pump, where it is aerosolized and 
further transported to the plasma. The plasma is produced and maintained by the use of a 
water-cooled induction coil that is powered by a radio-frequency (RF), hence inductively 
coupled plasma (ICP).35  
Argon gas flows into the system from the nebulizer through a concentric quartz torch 
that is surrounded by the copper induction coil. A spark from the induction coil produces 
the plasma by ionizing the argon gas and the resulting ions interacting with the 
fluctuating magnetic fields from the induction coil.33, 35 The plasma may reach 
temperatures up to 10,000 K, which has enough energy to atomize, ionize, and excite all 
molecules in a sample. This substantial energy allows multiple excited states to become 
populated and subsequent relaxations give multiple photon emission of various 
wavelengths corresponding to the element(s) present. An optical system subsequently 
sorts and measures the intensities of the emitted radiation (OES). This allows for the 




2.5.2. SAMPLE PREPARATION & ACQUISITION PARAMETERS 
 All glassware used for standard and sample preparation was soaked in a 10% 
nitric acid bath and rinsed five times with high quality water prior to use to eliminate any 
trace metal containments. Aliquot samples of the original Creighton colloid, 1st step 50 
nm AgNP filtrate, 1st step 50 nm AgNP retentate, 2nd step 30 kD AgNP retentate, 2nd step 
30 kD filtrate, 3rd step 30 kD retentate, and 3rd step 30 kD final filtrate were chemically 
digested at 120.5° C using OPTIMA grade nitric acid (Fisher Scientific) prior to analysis. 
Seven external silver standards were used for calibration, which had concentrations of 0, 
25, 50, 75, 100, 125, and 150 µg L-1. These standards were prepared from a 10,000 µg 
mL-1 standard solution (Ultra Scientific). All standards and samples were stored in low-
density polyethylene (LDPE) containers and kept in a 2% nitric acid matrix in order to 
prevent silver leaching.   
A Varian Inc. 710-ES inductively coupled plasma optical emission spectrometer 
(Figure 7) was used to determine the silver content in the original Creighton colloid and 
the above ultrafiltration samples according to a pre-developed standard operating 
procedure (SOP). The ICP-OES was equipped with a quartz torch in the axial viewing 
position and was fed compressed liquid argon. The operating conditions were set to the 
following: wavelength (338.289 nm for silver), radio-frequency (RF) power (1.20 kW), 
plasma flow (15.0 L min-1), auxiliary flow (1.50 L min-1), and nebulizer pressure (200 
kPa). Each sample was measured in triplicate using a replicate acquisition time of 10 s, a 
between-measurement stabilization time of 25 s, and a sample uptake delay of 45 s. A 
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method blank was introduced between each sample to eliminate sample carryover. 
Quality control samples of known concentration were inserted between every ten samples. 
The triplicate values were averaged before interpolating the concentration.  
 
Figure 7. Department of Chemistry’s (WSU) Varian Inc. 710-ES ICP-OES used for 
analysis. 
 
2.6. TRANSMISSION ELECTRON MICROSCOPY (TEM) OF AGNPS 
2.6.1. FUNDAMENTAL PRINCIPLE 
A transmission electron microscope (TEM) is able to capture images that are formed 
as the result of transmitted electrons through a thin sample.36 A TEM may make use of a 
thermionic or field emission gun to accelerate electrons from 100 – 400 kV. An anode 
plate accelerates the electron beam that is then collimated by an aperture. A double 
condenser lens system focuses the electron beam on the sample. Samples must be very 
thin (e.g., less than 100 nm thick) to be transparent to the electron beam.36 After the 
electron beam passes through the sample it is subsequently focused by an objective lens, 
focused through an aperture, and then projected onto a phosphor fluorescent screen by a 
projector lens. The electrons impinging upon the phosphorescent screen produce photons 
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that are captured by a CCD camera that subsequently converts the photons into an 
image.36 
2.6.2. SAMPLE PREPARATION AND ACQUISITION PARAMETERS 
A Hitachi H-7600 transmission electron microscope (TEM) at the University of 
Dayton was used to visualize the AgNP samples. An accelerating potential of 100 kV 
was utilized, along with a high performance zoom lens set for x150,000 resolution. 
Digital images were acquired using a bottom mounted CCD camera and AMT© image-
processing software. 
2.6.3. SIZE DISTRIBUTION OF AGNPS  
 Electron micrographs were analyzed in ImageJ software37 according to a pre-
developed SOP. One particle was defined as a complete and enclosed perimeter. Given 
the resolution of the TEM micrographs, an area threshold value was imposed at 1.0 nm2 
for area calculations. The AgNP counts and area data were then exported into Microsoft© 
Excel™, where the AgNP diameters were extrapolated by defining the AgNP area as the 
area of a circle, A = πr2. The diameter measurements of the AgNPs were then exported 
into Origin 8.0 software and a TEM size histogram was constructed for each sample. The 
percent of total AgNPs was plotted as a function of the diameter size bin. 
 
SPECIFIC AIM 3 
2.7. RHODAMINE 6 G (R6G) AND SERS SAMPLE PREPARATION 
 Rhodamine 6 G (R6G) is a fluorescent dye that is used extensively to test the 
SERS enhancements of various nanosubstrates.7, 38 An aqueous stock solution of 10-3 M 
R6G (Fisher Scientific) was prepared and diluted to 2.22 × 10-6 M, 10-6 M, 10-7 M, 10-8 
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M and 10-9 M. An aqueous 1M KBr solution was also prepared as it is known to stimulate 
AgNP-aggregate formation (i.e., “hot spots”) and improve the SERS enhancement.39 This 
is achieved by Br- ions surrounding the AgNP surface and then forming electrostatic 
bridges with the R6G cations. Additionally, the halide ions also ensure greater SERS 
spectra reproducibility.  
 
 
Figure 8. Schematic representation of the electrostatic bridge formation between the R6G 
cations and Br- ions surrounding the AgNP surface. 
 
 
2.8. RAMAN AND SERS MEASUREMENTS ON COLLOIDAL AGNPS 
2.8.1. RAMAN SPECTROSCOPY FUNDAMENTAL PRINCIPLES 
 Raman spectroscopy involves studying the light scattered by a sample exposed to a 
monochromatic light source usually in the visible portion of the electromagnetic 
spectrum. This process results in the excitation of molecular vibrations and rotations. 
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Raman spectra provide a molecular fingerprint, which are unique for different molecules. 
Owing to this Raman spectroscopy may be considered an analytical technique.40 
 The Raman effect is the result of inelastic scattering that occurs between a molecule 
and photons. Only a small percentage of these scattered photons exchange energy with 
the molecule during the inelastic collision and the resulting increase or decrease in energy 
in the scattered photon is the Raman effect.40 
 
 
Figure 9. Raman energy diagram illustrating the elastic Rayleigh scattering and the 
inelastic Stokes and anti-Stokes Raman scattering. νi, νStokes, νanti-Stokes, and νf refer to the 
frequencies of the incident laser light, the Raman scattered light (Stokes and anti-Stokes), 
and the molecular vibration, respectively.41 
 
As depicted in Figure 9 the potential energy of the molecule is raised from the 
ground electronic state to a higher energy virtual state (V) due to the laser excitation. 
Nearly all electrons will return to the ground electronic state, emitting a photon of the 
same energy (νi) as that of the incident laser. This refers to the elastic Rayleigh scattering. 
Conversely, a nominal amount of photons (about one in 106) will experience inelastic 
scattering, producing Stokes and anti-Stokes lines. Stokes lines occur when molecules 
return to an excited vibrational-rotational state, resulting in a scattered photon having less 
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energy than the incident photon. Likewise, anti-Stokes lines are produced when 
molecules are already in an excited state and the scattered photon will have more energy 
than the incident photon.41 
The scattering process may be described physically by considering a molecule 
interacting with an electromagnetic wave with an electric field vector (E) oscillating with 
a frequency νi.  
                                                                                                              (1) 
The oscillating electric field induces a dipole (µ) in the molecule as result of the energy 
exchange. 
                                                                                                     (2) 
Where α(ν) is the polarizability of the molecule that describes the change in electron 
distribution as the nuclei oscillates with a normal mode frequency νi. Thus, α(ν) may be 
expressed by the following expression: 
                                                                                          (3) 
Equation 3 may be combined with equation 2 to obtain 
                                                                 (4) 
that yields 
E = Ei cos(2πν it)
µ =α(ν ) ⋅Ei cos(2πν it)
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The right side of equation 5 includes three terms that describe Rayleigh scattering 
(νi), anti-Stokes lines (νi + νf), and Stokes lines (νi – νf). The Raman effect occurs due to a 
change in the polarizability (α) of a molecule. Thus, in order for a molecule to be Raman-
active there must be a change in the polarizability for a vibration or rotation mode. 
Consequently, the symmetry of the molecule determines the activity of the vibrational 
and rotational modes.41 If a molecule has a center of symmetry, the mutual exclusion rule 
is applied. This rule states that if one normal mode is Raman-active then it is infrared 
(IR)-inactive and vice versa. The symmetry group of the molecule will determine 
whether the normal mode is IR-active or Raman-active from group theory. A normal 
mode with the symmetry of x, y, or z, is IR-active, while a Raman-active normal mode 
has a quadratic form.42 The selection rules for vibrational Raman transitions are Δν = ±1 
and ΔJ = 0, ±2 for linear molecules and ΔJ = 0, ±1, ±2; ΔK = 0 for symmetric top 
molecules where K is a component of the angular momentum J. Molecules of no 
symmetry have all Raman-active vibrational modes.40 
2.8.2. SERS BACKGROUND AND FUNDAMENTAL PRINCIPLES 
In 1974, Fleishmann and coworkers observed intense Raman spectra of pyridine that 
was adsorbed to a silver electrode.43 They attributed this enhancement to the greater 
surface area on the electrode. In 1977, Van Duyne and coworkers concluded that the 
increased Raman intensity was due an electric field enhancement, rather than increased 
surface area alone.44 At the end of that decade Van Duyne coined the acronym SERS 
(surface-enhanced Raman spectroscopy) for this phenomenon.45  






























The SERS enhancement mechanism has been of great debate in literature, but is 
generally attributed to the product of two contributions: (1) an electromagnetic field 
enhancement and (2) a charge-transfer enhancement through the chemisorption of an 
analyte on nanostructures. 
The electromagnetic field mechanism of SERS may be explained by considering an 
electromagnetic radiation source interacting with metal nanostructures (i.e., smaller than 
the incident radiation wavelength). These metal nanostructures posses surface plasmons 
and the electromagnetic wave may excite these localized surface plasmons (Figure 3).46 
AgNPs possess free s electrons (along with other noble metals) that will polarize in the 
same direction as the incident electromagnetic field. This is a coherent process resulting 
in a total electric field near the nanoparticle surface that is greater than the incident. This 
total electric field at the surface will then in turn produce an even larger internal electric 
field and continue to produce in resonant regime even larger electric fields at the AgNP 
surface. 
Given that Raman intensity of an analyte is proportional to the incident 
electromagnetic field (E2i)47 and this field is increased at the nanoparticle surface, the 
Raman intensity is related to the absolute square of Eout at the surface. The Raman 
enhancement factor (EF) may be described by the following equation: 
                                                                     (6) 
Where E(ν) is the electric-field enhancement at a frequency ν and E(ν') is the EF of 












enhancement is approximately .47 Analytes that are not in direct contact with the 
nanosurface still experience enhancement. However, the enhancement will decrease as 
the distance from the nanosurface increases. The following equation expresses this 
distance dependence:  
                                                                                                       (7) 
where ISERS is the intensity of the Raman mode, m is the average size of the nanoparticle, 
and d is the distance from the surface to the analyte.47 
The charge-transfer mechanism accounts for a smaller contribution of the overall 
SERS enhancement. It involves the electron transfer between the chemisorbed species 
and the atomic scale roughness of the metal substrate.48 When the metal substrate is 
irradiated, its electrons become excited and move into the electron affinity levels of the 
adsorbed species. Thus, when the molecule relaxes it will follow a different equilibrium 
than that of a non-chemisorbed molecule. The molecule may remain in an excited 
vibrational state even after the excited electron returns to the metal surface. Upon 
returning to the metal surface the electron will combine to form an electron hole pair and 
emit a Raman scattered photon.48 Differences in SERS enhancement are attributed to the 
dissimilar adsorption levels of the analyte molecules to the metal nanosubstrates. 
Consequently, better adsorption between analyte and substrate leads to a charge transfer 
















2.8.3. ACQUISITION PARAMETERS 
The Raman and SERS measurements were performed using a Horiba Jobin Yvon Inc. 
LabRamHR 800 system (Figure 10). A 632.8 nm output from a He-Ne laser was used as 
the excitation line, with a laser output set at 15 mW. The laser beam was focused on the 
colloidal samples contained within a 0.5 mL quartz cuvette using a high-resolution 
confocal Raman microscope (high stability BX41) and a long working distance Olympus 
objective (50x). The confocal hole was set at 300 µm. The backscattered Raman signal 
was recorded using an open electrode thermo-electric cooled CCD detector (1024 × 526 
pixels) and a 600 grooves mm-1 holographic grating. The following spectra were 
collected using the LabSpec 5 software: the normal Raman spectrum of the original 
Creighton silver colloid, the Raman spectrum of a 1.0 × 10-3 M R6G solution, and the 
SERS spectra of 1.0 × 10-6 M, 1.0 × 10-7 M, 1.0 × 10-8 M, and 1.0 × 10-9 M R6G. The 
acquisition times were set to 30 s for normal Raman measurements, and 3 s for SERS 





Figure 10. The LabRamHR 800 system (Horiba Jobin Yvon Inc.) used to collect the 
Raman and SERS spectra. 
 
2.9. FLUORESCENCE SPECTROPHOTOMETRY 
2.9.1. FLUORESCENCE SPECTROSCOPY BACKGROUND 
Fluorescence is an emission process in which an analyte is excited by the absorption 
of electromagnetic radiation. Subsequent radiation emission occurs as the excited species 
return to the ground state.42 While the analyte molecules are in the excited electronic 
state, collisions may occur with surrounding molecules giving up energy (radiationless), 
thus moving to lower energy vibrational levels, down to the lowest electronically excited 
state. However, the surrounding molecules might not be able to accept the larger energy 
difference needed to facilitate the return to the ground electronic state. Consequently, the 
molecule will undergo spontaneous emission and release the excess energy as radiation. 
This process is depicted in Figure 11. Fluorescence occurs at lower frequencies than that 
of the incident radiation because the spontaneous emission of radiation appears only after 
some energy has been transferred to the surrounding molecules. The fluorescence 




Figure 11. A diagram illustrating the fluorescence emission process that is accompanied 
by the radiationless decay. 
 
 
2.9.2. ACQUISITION PARAMETERS 
An Agilent Technologies Cary Eclipse fluorescence spectrophotometer (Figure 12) 
was used to collect the fluorescence emission spectra of the original Creighton colloid, 50 
nm retentate, and 30 kD SERS samples, as well as R6G aqueous solutions in the 10-6 to 
10-9 M concentration range. All sample spectra were recorded in a fluorescence quartz 
cuvette (Starna Cells, Inc.). Due to limited sample quantity, all samples were diluted by a 
1:1 volume ratio with high quality water to ensure exposure to the radiation beam. The 
acquisition parameters for each concentration are listed in Table 1 below. 
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Table 1. Acquisition parameters used to collect the fluorescence emission spectra of the 











 (nm min-1) 
Scan Range 
(nm)  
R6G 0.5 × 10-6 600 530 600 540 - 700 
R6G 0.5 × 10-7  760 530 600 540 – 700 
R6G 0.5 × 10-8  950 530 600 540 – 700 








3. RESULTS & DISCUSSION 
3.1. UNFUNCTIONALIZED COLLOIDAL AGNPS 
 A total of 4 L of colloidal AgNPs were successfully synthesized. The Creighton 
colloid possessed a characteristic yellow color (Figure 13.A),27,28 and had a sharp, 
symmetric peak at 397 nm, distinctive of the surface plasmon resonance (SPR) maximum 
(Figure 13.B).39 The Raman spectrum acquired from the Creighton colloid presented 
three vibrational modes at 1639 cm-1, 3242 cm-1, and 3388 cm-1 (Figure 13.C), the 
bending, asymmetric, and symmetric stretching modes of H2O, respectively. The 
presence of only water indicated that the original Creighton colloid was free of organic 
contaminants that would lead to uncontrolled aggregation. 
 
 
Figure 13. A) Image of glass vial containing the yellow Creighton colloid, B) UV-Vis 
absorption spectrum of the Creighton colloid, and C) the Raman spectrum of the 
Creighton colloid in the 100-4000 cm-1 spectral region.
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The observed UV-Vis absorption spectrum represents the total extinction 
resulting from the decay of the incident radiation as it interacts with the AgNPs that is 
subsequently absorbed and scattered. The total extinction is dependent only on the 
absorption because the diameter of the AgNPs is less than the wavelength of the incident 
light. Therefore, the scattering is insignificant in this case. The SPR peak profile may 
give information about the physical properties of the AgNPs. The estimation of the 
amount, size, shape, and aggregation state is possible from the SPR peak. 
 The amount of AgNPs (i.e., concentration) may be estimated using the Lambert-
Beer law: 
                                                                                                                                                                                             (8) 
where A is the absorbance measured (0.181 a.u.), ε is the molar absorptivity (1.9 × 104 
dm3 mol-1 cm-1 according to the literature for AgNPs with λmax = 400 nm)49, l is the path 
length (1 cm for the used cuvette) and c is the concentration of the absorbing species. 
Using the above values and the Lambert Beer equation, the concentration of the original 
Creighton AgNP colloid was estimated to be 10.3 mg L-1.  
 Mie theory allows for the approximation of the average diameter (D) of the 
colloidal AgNPs from the following equation: 
                                                                                                           (9) 
where λmax is the SPR maximum (397 nm), Vf is the electron at the Fermi levels of silver 
(1.4 × 106 m s-1)50,, c is the velocity of light (2.998 × 108 m s-1), and ω is the full width at 
half maximum (FWHM) of the SPR absorption peak (Figure 13.B, 64.5 nm). Mie theory 
provides a derivation that offers an exact solution to Maxwell’s equations that describe 






dependent upon AgNP size, with the SPR maximum shifting to longer wavelengths as 
AgNP size increases. 
 The symmetry of AgNPs is known to influence the number of SPR peaks, with 
more symmetric AgNPs producing less SPR peaks. Furthermore, the size distribution of 
AgNPs also affects the SPR peak profile, where smaller size ranges produce sharper 
peaks.30, 51 
 
3.2. SIZE-SELECTION AND CONCENTRATION OF COLLOIDAL AGNPS BY TFU 
A flowchart describing the TFU process is depicted in Figure 14. A 50 nm filter 
(460 cm2) was used in the first step to remove AgNPs and AgNP-aggregates that had 
diameters larger than 50 nm. This led to a small volume reduction from 4 L of original 
colloid down to 3.95 L of 50 nm filtrate. The 1st step 50 nm filtrate was circulated 
through a 30 kD filter of high surface area (790 cm2) in the second step. A great decrease 
in volume occurred in this step. Excess reagents and byproducts of the reduction reaction 
were removed along with the water solvent as filtrate (2nd step 30 kD filtrate). 
Consequently 50 mL of colloidal AgNPs were retained as the 2nd step 30 kD retentate. A 
second 30 kD filter module of smaller surface area (20 cm2) afforded further AgNP 
concentration. The 30 kD retentate obtained in the second step was concentrated down to 




Figure 14. Flowchart illustrating the three-step TFU process. In step one, the original 
Creighton colloid (A) is passed through a 50 nm filter, after which the 1st step 50 nm 
filtrate and retentate are collected (B and C, respectively). In the second step, the 1st step 
50 nm filtrate is passed through a high surface area 30 kD filter after which the 2nd step 
30 kD retentate and filtrate are collected (D and E, respectively). Finally, in third step the 
2nd step 30 kD retentate is circulated through a smaller surface area 30 kD filter, resulting 
in the 3rd step 30 kD retentate and filtrate (F and G, respectively). 
 
 
3.3. QUANTIFICATION OF COLLOIDAL AGNPS USING ICP-OES 
 The amount of silver in the original Creighton colloid, 1st step 50 nm AgNP 
filtrate, 1st step 50 nm AgNP retentate, 2nd step 30 kD AgNP retentate, 2nd step 30 kD 
filtrate, 3rd step 30 kD retentate, and 3rd step 30 kD filtrate were determined by ICP-OES. 
The final concentrations of silver were interpolated from the linear regression (Figure 15) 
as listed in Table 2.  
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Figure 15. ICP-OES calibration curve constructed from seven silver standards: 0, 25, 50, 
75, 100, 125, and 150 µg L-1. 
 
 
Table 2. Concentrations of AgNP retentates and filtrates of the TFU process as obtained 
by ICP-OES. 
Sample Concentration (mg L-1) 
Original Creighton Colloid 10.4 ± 0.36 
1st step 50 nm filtrate 6.6 ± 0.08 
1st step 50 nm retentate 140.8 ± 0.98 
2nd step 30 kD retentate  170.8 ± 3.39 
2nd step 30 kD filtrate  0.5 ± 0.01 
3rd step 30 kD retentate  899.8 ± 16.10 
3rd step 30 kD filtrate  0.5 ± 0.01 
 
The three-step TFU process dramatically concentrated the original Creighton colloid 
(86 times more concentrated). Consequently, this increase in concentration produced a 
change in color from golden yellow for the original Creighton colloid to dark brown for 
the 3rd step 30 kD retentate (Figure 14). The TFU process yielded a concentration that 
was 31.4% of the theoretical value. The efficiency of this process is not as high as the 
concentration yield of our previous study (62%)52, where hydrophobic membranes were 
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utilized. This decreased efficiency is most likely due to the interaction between the 
AgNPs and the hydrophilic modified polyethersulfone (PES) membranes. The quality of 
the filter modules was also found to influence the concentration yields (i.e., new filter 
modules produced higher concentrations than older ones). As this is a relatively new 
application for these membrane modules, the effect that AgNPs have on the membranes 
and vice versa are relatively unknown. 
 
3.4. TEM OF AGNPS FOR SIZE DISTRIBUTION ANALYSIS 
 TEM images of the original Creighton colloid and the 3rd step 30 kD retentate 
(Figure 16.A and Figure 16.C, respectively) display AgNPs as dark gray/black spheres on 
a light gray background. Four hundred AgNPs from TEM images were analyzed for each 
sample, the original Creighton colloid and the 3rd step 30 retentate.  Size histograms were 
subsequently composed using the estimated diameter data (Figure 16.B and Figure 16.D, 
respectively). It was determined that original Creighton colloid and 3rd step 30 kD 
retentate had an average diameter of 12.8 nm and 19.3 nm, respectively. 
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Figure 16. Micrographs obtained by TEM for the original Creighton colloid (A) and the 




The visual analysis of the TEM images (Figure 16.A and Figure 16.C) showed an 
increased abundance of AgNPs in the 3rd step 30 kD retentate compared to that of the 
original Creighton colloid. A comparison of the size distributions of the two samples 
(Figure 16.B and Figure 16.D) revealed a decrease in the polydispersity of the Creighton 
colloid upon filtration. The original Creighton colloid possessed AgNPs with diameters 
ranging from 1-75 nm (Figure 16.B). However, the 3rd step 30 kD final retentate did not 
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contain any AgNPs or AgNP-aggregates of 50 nm in diameter or larger (Figure 16.D). 
Thus, TFU was successful in size-selecting AgNPs of 1-50 nm and 50-100 nm in 
diameter (Specific Aim 2). 
The 3rd step 30 kD retentate mostly contained AgNPs of diameters in the 5-25 nm 
range (80.5%) and had a median diameter of 17.2 nm. A complete elimination of AgNPs 
of 1-5 nm in diameter was evident in the 3rd step 30 kD sample (12% to 0%). The 
removal of these small AgNPs may be attributed to the pore size of the 30 kD filter 
membrane (~ 7 nm). As the AgNP colloid circulated through these filter modules, smaller 
AgNPs may have passed through the membrane pores into the filtrate. The presence of 
silver in both the 2nd and 3rd step filtrate samples confirms this removal of smaller AgNPs. 
Consequently, there was an increase in the average AgNP diameter after the TFU process, 
namely from 12.8 nm to 19.3 nm.  
 
3.5. RAMAN AND SERS MEASUREMENTS 
 The Raman spectrum of 10-3 M R6G (Figure 17) was used as a control to identify the 
characteristic vibrational modes of R6G (Table 3). These characteristic vibrations were 
subsequently enhanced by the addition of the original Creighton colloid (Figure 18), 1st 







Table 3. Main Raman-active modes of R6G.53 
Raman-active mode (cm-1) Characteristic Vibration 
612 C-C-C ring in plane bending 
776 C-H bend 
1183 Aromatic C-C stretch 
1312 Aromatic C-C stretch 
1365 Aromatic C-C stretch 
1509 Aromatic C-C stretch 
1577 Aromatic C-C stretch 
1652 Aromatic C-C stretch 
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Figure 17. Raman spectra of R6G at concentrations of 10-3-10-5M (A) in the 100-4000 cm-1 spectral range and (B) in the expanded 




Figure 18. SERS spectra of R6G incubated with the original Creighton colloid (A) in the 100-4000 cm-1 spectral range and (B) 







Figure 19. Raman and SERS spectra of R6G incubated with the 1st step 50 nm retentate (A) in the 100-4000 cm-1 spectral 





Figure 20. Raman and SERS spectra of R6G incubated with the 3rd step 30 kD retentate (A) in the 100-4000 cm-1 spectral 
range and (B) in the expanded 100-1800 cm-1 fingerprint region. 
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The Raman spectrum of R6G at 10-3 M (Figure 17) displayed the characteristic 
marker bands that were used as reference for the SERS measurements. Additionally, the 
Raman spectra of R6G at 10-4 M and 10-5 M were also acquired to establish the detection 
limit. The use of Raman spectroscopy yielded a detection limit of 10-4 M for R6G, as no 
characteristic vibrations were seen in the 10-5 M spectrum. However, the signal to noise 
ratio for 10-4 M of R6G was relatively poor as compared to the one corresponding to the 
Raman spectrum of 10-3 M of R6G. 
As depicted in Figure 18 the presence of the original Creighton colloid greatly 
enhanced the Raman signal of R6G. The characteristic features of R6G were detected 
even at 10-8 M of R6G, namely the C-C-C ring in-plane bending at 612 cm-1, the C-H 
bend at 776 cm-1, and the aromatic C-C stretches at 1309 cm-1, 1365 cm-1, and 1509 cm-1. 
However, these bands were less intense then the corresponding ones in the SERS spectra 
obtained from the 1st step 50 nm (Figure 19) retentate and the 3rd step 30 kD retentate 
(Figure 20). 
The 3rd step 30 kD retentate also detected the presence of R6G at 10-8 M (Figure 
20.B). However, the 3rd step 30 kD retentate was able to detect all eight characteristic 
vibrations of R6G compared to the five modes detected by the original Creighton colloid 
at this concentration. Additionally, the 3rd step 30 kD retentate also led to significant 
increase in Raman signal. Yet, the greatest enhancement in Raman signal was obtained 
using the 1st step 50 nm retentate. Six characteristic vibrations of R6G were acquired at 
10-9 M, specifically the C-C-C ring in-plane bending at 613 cm-1, the C-H bend at 770 
cm-1, and the aromatic C-C stretches at 1181 cm-1, 1311 cm-1, 1362 cm-1 and 1511 cm-1. 
This was an order of magnitude less than what the original Creighton colloid and the 3rd 
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step 30 kD retentate could detect. At such a low concentration, there are a minimal 
amount of R6G molecules present within the focal volume (F.V.) from which the SERS 
spectra were acquired. 
An estimation of the F.V. was made using diffraction theory.54 This relates the focal 
region dimensions to the numerical aperture (NA) of the focusing lens used and to the 
extent the laser beam fills it. The focal volume was estimated by the following equation: 
                                                                                          (10) 
where λ is the wavelength of the radiation source. The focal volume was estimated to be 
1.90 × 10-17 m3 using λ = 632.8 nm and NA = 0.5.  
The number of R6G molecules within the focal volume was determined from the 
R6G concentration (e.g., 10-9 M) by calculating the number of moles. The number of 
molecules was then estimated through the use of Avogadro’s number. A sample 




Thus, the number of molecules present within the focal volume is roughly 11 for 
the lowest concentration of R6G detected (10-9 M). The number of AgNPs present within 
the focal volume was also estimated. The TEM analysis showed that the average 
diameters of the original Creighton colloid and the 3rd step 30 kD retentate were 12.8 nm 
and 19.3 nm, respectively. The average diameter of the 50 nm retentate was determined 



















to be 64 nm by assuming the removal of all AgNPs of 50 nm in diameter or greater from 
the original Creighton colloid (as confirmed by TEM analysis of the 3rd step 30 kD 
retentate). Using these average diameters, the average volume of AgNP in each sample 
was calculated by using the equation of the volume of sphere: 
                                                              V = 4
3
πr3                                                           (11), 
where r is the radius of the AgNP. The average volumes for the original Creighton 
colloid, the 1st step 50 nm retentate, and the 3rd step 30 kD retentate were determined to 
be 1.09 × 10-24 m3, 1.37 × 10-22 m3, and 3.76 × 10-24 m3, respectively.  
 By making use of the atomic radius of Ag (1.60 Å)55, the atomic volume was 
calculated to be 1.72 × 10-29 m3. This facilitated the estimation of the average number of 
Ag atoms per AgNP. These values were 6.34 × 104, 7.96 × 106, and 2.19 × 105 for the 
original Creighton colloid, the 1st step 50 nm retentate, and the 3rd step 30 kD retentate, 
respectively. 
 The ICP-OES yielded the concentrations of all three samples (Table 2). The 
number of Ag atoms present in the sample volume of each colloid (Figure 14) was 
calculated using stoichiometry (example provided below). The number of Ag atoms in 
the original colloid, 1st step 50 nm retentate, and the 3rd step 30 kD retentate were 











= 2.32×1020 atoms  
Consequently, the number of AgNPs present in the original Creighton colloid, 1st step 50 
nm retentate, and the 3rd step 30 kD retentate was estimated to be 3.66 ×1015, 4.94 × 1012, 
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and 1.84 × 1014, respectively. The number of AgNPs present in the SERS sample volume 
and focal volume were subsequently calculated (Table 4. 
 
Table 4. Estimated number of AgNPs present in each SERS sample volume and the focal 
volume. 
SERS Sample AgNPs present in  
SERS sample volume 
AgNPs present in  
focal volume 
Original Creighton colloid 4.58 × 1011 ~ 17 
1st step 50 nm retentate 4.94 × 1010 ~ 2 
3rd step 30 kD retenate 1.15 × 1013 ~ 437 
 
This nominal amount of molecules demonstrates the effectiveness of the 1st step 50 
nm retentate as a SERS substrate. Hence, from a strictly qualitative perspective, TFU 
proved to enhance the SERS sensing capabilities of the original Creighton colloid. The 
subsequent task was to quantify the enhancements achieved with each colloidal sample to 
afford further analytical comparison. 
The analytical enhancement factor (AEF) was estimated from the acquired SERS 
spectra. The AEF represents the increase in signal that is expected from SERS compared 
to that of Raman spectroscopy under similar experimental conditions.28, 38 The AEF is 
represented by the following equation: 
                                                                                  (12) 
where  and  represent the differential cross-sections of 
R6G for Raman and SERS, and tRaman and tSERS are the acquisition times for the Raman 









dσ R6G,Raman dΩ dσ R6G,SERS dΩ
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The non-SERS cross-sections were also considered when estimating enhancement 
factors. R6G, along with other dyes are known to have relatively large differential Raman 
cross-sections, even in non-resonance conditions owing to pre-resonance effects.38 As 
such, disregarding the non-SERS conditions can lead to unrealistically large enhancement 
factors.38 
The differential Raman cross-section ( ) was determined by the 
following equation: 
                                                     (13) 
where  is the Raman cross-section of water (2.2 × 10-30 cm2 sr-1)39 and 
and are the molar concentration of R6G and water, respectively. The 
C-C-C in plane bending of R6G at 612 cm-1 and the water symmetric and asymmetric 
stretching modes at 3242 cm-1and 3388 cm-1, respectively, were used for the integrated 
area calculations (Table 4). An analogous equation (Equation 13) was used to determine 
the SERS cross-sections of R6G ( ).  
 










                                 (14) 
All spectra were baseline corrected using 30 baseline points (user defined) and a 
subsequent BSpline interpolation in Origin® 8 software. The Raman spectrum of R6G 
solution at 10-3 M was used to determine the Raman cross-section of the C-C-C in plane 















reported by Ru et al. (6.7 × 10-28 cm2 sr-1)38 in a previous study, likely due to the 
increased laser power used. The AEFs of the original Creighton colloid, 1st step 50 nm 
retentate, and 3rd step 30 kD retentate are summarized below in Table 5. 
 
 
Figure 21. The baseline corrected SERS spectrum of R6G at 10-9 M incubated with the 









Table 5. The estimated analytical enhancement factors (AEFs) of the SERS substrates 







Area of R6G  
at 612 cm-1 
Integrated Peak 
Area of H2O 






10-6 2.14 × 105 6.65 × 105 4.3 × 105 
10-7 5.97 × 103 6.99 × 105 1.1 × 105 
10-8 1.04 × 104 7.07 × 106 2.6 × 104 
 
1st step 
50 nm retentate 
10-6 3.44 × 104 5.85 × 105 7.8 × 104 
10-7 2.38 × 104 5.69 × 105 5.5 × 105 
10-8 1.22 × 104 7.26 × 105 2.2 × 106 
10-9 5.57 × 103 7.25 × 106 1.0 × 105 
 
3rd step  
30 kD retentate 
10-6 5.20 × 104 6.65 × 105 1.0 × 105 
10-7 4.97 × 104 6.25 × 105 1.1 × 106 
10-8 3.72 × 103 6.96 × 105 7.1 × 105 
 
All AgNP colloidal samples greatly enhanced the Raman signal (i.e., on the order 
of 104-106). Yet, both the 1st step 50 nm retentate and 3rd step 30 kD retentate presented 
greater analytical enhancements compared to the original Creighton colloid. However, it 
should be noted that the analytical enhancement factor is dependent upon many aspects 
or parameters, particularly on the adsorption properties and the surface coverage of the 
test probe (i.e., monolayer vs. multilayer). The AEF calculations consider both the 
adsorbed and non-adsorbed R6G molecules as contributing to the signal enhancement.  
Furthermore, AEF neglects the distance dependence of the SERS effect. Consequently, 
the AEF does not fully characterize a SERS substrate, but is useful in certain applications 
(i.e., SERS-active solutions (colloids) of various concentrations).28, 38 To rigorously 
characterize the original Creighton colloid, the 1st step 50 nm retentate and the 3rd step 30 




3.6. FLUORESCENCE SPECTROPHOTOMETRY MEASUREMENTS 
 In order to estimate the amount of R6G molecules adsorbed to the AgNP surface, 
fluorescence spectrophotometry was utilized. Fluorescence measurements were 
performed on the aqueous R6G solutions, the R6G solutions incubated with the original 
Creighton colloid, the 1st step 50 nm retentate, and the 3rd step 30 kD retentate. The 




Figure 22. The fluorescence emission spectra of the 10-6 M R6G solution before and after incubation with the original Creighton 
colloid (A), 1st step 50 nm retentate (B), and 3rd step 30 kD retentate (C). The fluorescence emission spectra of the corresponding 




Figure 23. The fluorescence emission spectra of the 10-7 M R6G solution before and after incubation with the original Creighton 
colloid (A), 1st step 50 nm retentate (B), and 3rd step 30 kD retentate (C). The fluorescence emission spectra of the corresponding 




Figure 24. The fluorescence emission spectra of the 10-8 M R6G solution before and after incubation with the original Creighton 
colloid (A), 1st step 50 nm retentate (B), and 3rd step 30 kD retentate (C). The fluorescence emission spectra of the corresponding 




Figure 25. The fluorescence spectra of the 10-9 M R6G solution, after incubation with the 
1st step 50 nm retentate, and the centrifuged supernatant. 
 
 
 As displayed throughout the fluorescence spectra, the emission intensity of each 
R6G solution was significantly decreased after incubation with all AgNP samples. This 
subsequent decrease in intensity is attributed to the inability of the adsorbed R6G 
molecules to fluoresce (i.e., the AgNPs have a quenching effect). Consequently, the 
amount of R6G molecules adsorbed to the AgNP surface was estimated from the 
quenched intensity by the following equation: 


















     (15) 
Where Solution R6G,C is the molar concentration of the pure R6G solution (i.e., without 
AgNPs), Sample SERS R6G,I is the fluorescence emission intensity of the R6G solution 
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incubated with AgNP samples, and Solution R6G,I is the emission intensity of the pure R6G 
solution. From the amount of R6G molecules adsorbed to the AgNP surface, the SEF was 
calculated by the following equation: 
                                              




=                                            (16) 
The estimated SEFs are summarized in Table 6 as well as the percentage of R6G 
molecules adsorbed to the AgNP surface.  
 






R6G molecules on 





10-6 84.0 3.6 × 105 
10-7 82.6 9.3 × 104 
10-8 79.9 2.1 × 104 
 
1st step 
50 nm retentate 
10-6 97.2 7.6 × 104 
10-7 94.3 5.2 × 105 
10-8 94.8 2.1 × 106 
10-9 92.5 9.4 × 104 
 
3rd step 30 kD 
retentate 
10-6 91.6 9.5 × 104 
10-7 97.3 1.0 × 106 
10-8 93.1 6.7 6 × 105 
 
Both the 1st step 50 nm retentate and 3rd step 30 kD retentate displayed greater 
adsorption of R6G molecules compared to the original Creighton colloid. This increase in 
adsorption is most likely due to the greater amount of AgNPs present. The 50 nm 
retentate and 3rd step 30 kD retentate exhibited roughly the same amount of adsorption 
(i.e., ≥ 92.5% and  ≥ 91.6% , respectively, for all R6G concentrations) (Table 6). It 
should be noted that the 3rd step 30 kD retentate was more concentrated than the 50 nm 
retentate, and had over 230 times more AgNPs present. Consequently, it was predicted 
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that the R6G molecules would exhibit nearly 100% adsorption to the 3rd step 30 kD 
retentate owing to the dense amount of AgNPs within the small volume. A possible 
explanation for this may be due to the interaction of the AgNPs with the 30 kD 
hydrophilic mPES membranes used in the TFU process. As these are hydrophilic 
compared to the 50 nm hydrophobic PS membrane, the AgNPs are more likely to interact 
with the membrane. This interaction may lead to adsorption of membrane materials on 
the AgNP surface and consequently reduce the number of adsorption sites available. 
The high adsorption of R6G molecules to the AgNP surface led to SEFs that were 
very close to their corresponding AEFs. The largest SEF was estimated for the 1st step 50 
nm retentate incubated with 10-8 M R6G. The SEF was on the order of 106, which is 
extremely near the 107 enhancements described as sufficient for single molecule 
detection of R6G using a 632.8 nm excitation source.38 The estimations described in 
section 3.5 show that at 10-9 M of R6G there are approximately 11 R6G molecules and 2 
AgNPs present in the focal volume from which the SERS spectrum was collected for the 
1st step 50 nm retentate. This corresponds to a label-free, near single molecule detection 
of R6G. 
 The 1st step 50 nm retentate displayed the greatest enhancements (AEF and SEF) 
of all the colloidal samples. This concurs with a recent study by Stamplecoskie et. al., in 
which they determined the optimal size of AgNPs for SERS enhancement to be ~ 50 nm 
in diameter.23 This is not surprising as the electromagnetic field enhancement is known to 
increase with particle size.8, 30 However, there is a cut-off diameter of ~ 70 nm, at which 
increasing the AgNP size was found to subsequently diminish the signal enhancement.23 
This decrease in signal being ascribed to the larger AgNPs scattering the incident 
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radiation before it can interact with the target analyte. The 1st step 50 nm retentate 
possessed only AgNPs 50-75 nm in diameter, thus it providing the greatest enhancements 




The results presented in this study demonstrate that the three-step TFU process was 
successful in concentrating and size-selecting AgNPs from 1-50 nm and 50-100 nm in 
diameter. Furthermore, TFU limited the AgNP aggregation while concurrently reducing 
the polydispersity of the original Creighton colloid.  
These highly concentrated AgNPs displayed greater SERS sensing capabilities 
compared to the Creighton colloid. In particular the 1st step 50 nm retentate exhibited the 
greatest enhancements of all AgNP samples, providing near single molecule detection 
(~11 molecules within the focal volume). The dramatic enhancements observed in this 
study will facilitate the label free, near single molecule detection of small chemical and 
biological warfare agents that will be localized in between the highly concentrated 
AgNPs (i.e., at the SERS hot spot). A similar approach may also be utilized for the 
detection of protein or protein-DNA binding events. However, the detection limit may be 
in this case smaller owing to the larger size of the biotargets, and the possibly smaller 
Raman scattering cross-sections of such molecules.54, 56, 57 Further investigations are 
currently in progress with other target analytes to confirm the practicality of this substrate.  
Further studies should be continued in order to gain a better understanding of the 
AgNPs interaction with the filter membrane modules. Scanning electron microscopy – 
energy dispersive X-ray (SEM-EDX) should be performed on the ultrafiltered AgNPs for 
its elemental analysis capabilities to identify possible material adsorbing to the AgNP 
surface. This could also facilitate an increase in the efficiency of the TFU process. 
Consequently, more SERS “hot spots” would be available for analyte adsorption in the 
more concentrated TFU retentates. Hence, the likelihood of single molecule detection 
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would be dramatically increased. With the current process yielding near single molecule 
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